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We have previously reported the identification of a novel simian parvovirus in cynomolgus monkeys, which causes severe
anemia in immunosuppressed cynomolgus monkeys and is currently being studied as an animal model for human B19
infection. We now report two similar outbreaks of anemia in rhesus and pig-tailed macaques associated with two distinct but
similar simian parvoviruses (pig-tailed macaque and rhesus parvovirus). Both viruses have been cloned and over 5000
nucleotides sequenced from each virus. The viruses show marked similarities to other members of the Erythrovirus genus
in the Parvoviridae family. © 2000 Academic PressINTRODUCTION
Parvovirus B19 is a member of the newly described
Erythrovirus genus, so named for the group’s high ery-
throid tropism. However, B19 has other unique features
at the molecular level that distinguish it from the other
Parvoviridae: the B19 terminal repeats are identical at
each end and considerably longer than the hairpin se-
quences of other parvoviruses; B19 has a single pro-
moter (p6 (Blundell et al., 1987)) from which all transcrip-
tion, including transcription of the capsid proteins, is
initiated, with subsequent complex splicing (Ozawa et
al., 1987); and, while other parvoviral RNAs all cotermi-
nate at a polyadenylation site at the far right side of the
genome, in parvovirus B19 several transcripts terminate
in the middle of the genome. Although currently parvo-
virus B19 is the only accepted member of the Erythrovi-
ruses, we have previously reported the isolation of a
simian parvovirus (SPV), which is remarkably similar to
the human B19 parvovirus in its predilection for host
bone marrow in vitro and its capacity to cause serious
anemia in infected animals (O’Sullivan et al., 1994, 1997).
More recently a Korean group also identified a parvovi-
rus in Manchurian chipmunks that had greatest similarity
to B19 and SPV at the molecular level, and they sug-
gested that it be classified as an Erythrovirus (Yoo et al.,
1999). We now describe the cloning and subsequent
sequencing of two more nonhuman primate parvovi-
ruses, which show a close similarity with human parvo-
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301) 496-8396. E-mail: BrownK@nih.gov.
105virus B19 and SPV at the molecular level and which are
also appropriate candidates for inclusion in this new
genus.
RESULTS
Cloning and sequencing of pig-tailed macaque
parvovirus
Serial serum samples from pig-tailed macaques were
examined by SPV PCR. Using primers from the capsid
region, three animals appeared to have evidence of par-
vovirus infection with a band of the correct size visible by
ethidium bromide staining. However, the signal strength
on the confirmatory Southern blot was much weaker than
predicted from the positive control band, and a second
PCR based on the nonstructural protein region of SPV
was uniformly negative. Sequencing of the cloned SPV
capsid product showed that although the sequence from
each animal was identical, the sequence similarity at the
nucleotide level was only 70% similar to SPV and 67%
similar to parvovirus B19 sequence, indicating that this
agent was a second novel simian parvovirus, which we
named pig-tailed macaque parvovirus (PtPV).
To obtain more of the viral genome, PCR primer
walking was performed using primers that were de-
signed from the cloned PtPV and the known SPV
sequences. By a combination of PCR amplification and
cloning, we were able to obtain a total of seven clones
that when combined formed a contiguous length of
DNA of 5049 nucleotides (individual clones: PtM-A4, nt
1–703; PtM-B2, nt 665–1030; PtM-1060, nt 995–1607;
PtM-PE5, nt 1569–3333; PtM-12, nt 3251–3826; PtM-A4,
nt 3790–4541; PtM-C1, nt 3859–5049; GenBank Acces-
sion No. AF221123).
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106 GREEN ET AL.FIG. 1. (a) Sequence alignment and (b) phylogenetic tree of the nonstructural proteins of the putative members of the Erythrovirus genus. Residues
differing from the consensus (majority) sequence are highlighted with a black background.
107RHESUS AND PIG-TAILED MACAQUE PARVOVIRUSESFIG. 1—Continued
R108 GREEN ET AL.FIG. 2. (a) Sequence alignment and (b) phylogenetic tree of the nonspliced capsid proteins (VP1) of the putative members of the Erythrovirus genus.
esidues differing from the consensus (majority) sequence are highlighted with a black background.
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110 GREEN ET AL.Cloning and sequencing of the rhesus parvovirus
Serum samples were also obtained from rhesus ma-
caques (16A, 16B, 16D, and 16E) from Kansas and tested
for parvovirus sequences by dot-blot hybridization. Hy-
bridization with a full-length B19 probe was negative but
positive with a full-length SPV probe for samples from
16A and 16E: both animals had severe anemia (hemo-
globin only 3.5 and 3.3 g/dl), with giant pronormoblasts in
the bone marrow. PCR with SPV primers from the capsid
region amplified a product of approximately the correct
size, but was negative with primers derived from the
PtPV (primers: PtPV-A, nt 3335–3354; PtPV-B, nt 3780–
3761). Sequencing of the amplicon obtained with the SPV
primers showed 80% similarity to SPV, B19, and PtPV at
the nucleotide level, suggesting the existence of another
novel macaque parvovirus, which we named rhesus ma-
caque parvovirus (RhPV).
To obtain more sequence, particularly of the hairpins,
a strategy similar to that used to obtain the original B19
sequence (Cotmore and Tattersall, 1984) was used, in-
volving conversion of single-stranded viral DNA to
dsDNA and mung bean digestion to cleave the hairpin
loops prior to cloning. From four clones, we obtained
5342 nucleotides, comprising all of the coding sequence
and one-half of each hairpin terminal (individual clones:
16-5, nt 1–1644; 6XY, nt 1530–3709; S3, nt 3529–4105; 3-6,
nt 4016–5222; 16-3, nt 4822–5342; GenBank Accession
No. AF221122).
Sequence analyses and comparisons
FIG. 2Comparison of the full PtPV and RhPV sequences with
nucleic acid sequences in GenBank confirmed homologywith other members of the parvovirus family, with the
closest relationship to SPV and parvovirus B19: PtPV
showed a similarity of 71.1 and 57.1% with SPV and B19,
respectively. For RhPV, the similarities were 76.7 and
57.1%, respectively. The genomes showed 70.7% homol-
ogy to one another. In addition, the location of ATG start
and stop codons indicated that both PtPV and RhPV have
a genomic organization similar to that of other members
of the Parvoviridae, with one large open reading frame
(ORF) in the left half of the genome and a second ORF in
the right. There were no large ORFs in the complemen-
tary DNA strand of either virus, suggesting that they do
not encode proteins. Both viruses had the consensus
promoter sequence (TATAAA) and GCG-rich regions in-
cluding Sp1-binding sites upstream of the ATG site in the
first ORF, and both viruses had inverted repeat se-
quences at the ends of the genome, although this was
incomplete.
By analogy with other parvoviruses, the left open read-
ing frame encodes a putative nonstructural protein of 672
amino acids and predicted molecular mass of 75.5 kDa
for PtPV and a protein of 683 amino acids and predicted
molecular mass of 76.7 kDa for RhPV. Both proteins
showed a high level of homology to B19 and SPV non-
structural proteins (Fig. 1). Similarly, the second open
reading frame encodes a putative structural protein of
785 amino acids and predicted molecular mass of 86.9
kDa for PtPV and a protein of 820 amino acids and
predicted molecular mass of 90.9 kDa for RhPV (Fig. 2).
Both viruses also have a putative splice acceptor site
identical to that seen in B19 and SPV (seq TAAAAG/GT)
nuedand an ATG start codon for a second spliced capsid
protein 80 nucleotides downstream.
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111RHESUS AND PIG-TAILED MACAQUE PARVOVIRUSESDISCUSSION
Nonhuman primates are used extensively in biomed-
cal research as models of human disease. Anemia,
hen it occurs in experimental animals, has been pre-
umed to be part of the disease process, especially in
he context of retrovirus studies (Watanabe et al., 1990),
lthough it was suggested in one report that the pro-
ound anemia was “reminiscent of that seen in human
arvovirus infection” (MacKenzie et al., 1986). We have
reviously described anemia due to simian parvovirus in
wo groups of cynomolgus monkeys (O’Sullivan et al.,
994, 1996) and here describe the isolation of two related
iruses causing a similar anemia in both pig-tailed and
hesus macaques. As with B19 and SPV, the isolation of
oth these viruses from immunosuppressed animals
uggests that the animals need to be immunocompro-
ised before there is evidence of severe anemia asso-
iated with infection with these viruses. Infection in
ealthy animals is probably asymptomatic and relatively
ommon, as we have detected anti-parvovirus antibod-
es in about 35% of the Hematology Branch captive rhe-
us monkeys (data not shown), presumably due to pre-
ious infection with rhesus parvovirus. We have not per-
ormed studies in wild monkey populations.
The discovery of SPV and our description here of two
ore Erythroviruses will help provide options for more
odels for animal research on parvoviruses. Our studies
ith SPV have resulted in the development of an animal
odel for B19-induced hydrops fetalis (O’Sullivan et al.,
998). As the list of human diseases at least tentatively
ssociated with B19 grows, similar nonhuman primate
odels may be of value in determining the role of B19 in
ther diseases, including fulminant hepatitis (Sokal et al.,
998), and inflammatory arthritides, including rheumatoid
rthritis (Takahashi et al., 1998).
More recently, and especially with the advent of AIDS,
enotransplantation using tissues from nonhuman pri-
ates has been proposed and even performed. Trans-
lantation of bone marrow from a baboon into an AIDS
atient (Lehrman, 1995) carries with it the risk of trans-
itting viruses latent in hematopoietic cells. Simian ret-
oviral sequences have been detected in multiple tissues
f patients with baboon liver transplants, and the identi-
ication of pathogenic parvoviruses in two further spe-
ies of macaques highlights the potential for similar
iruses to be resident in other primates including ba-
oons. Anecdotally, we have been informed of two epi-
odes of anemia in this species, potentially caused by
arvoviruses, although we have not received samples to
onfirm these suggestions. Our identification of three
elated Erythroviruses in nonhuman primates indicates
hat parvoviruses should be considered in the potential
tiology of anemia in other primates, especially in the
etting of immunosuppression.MATERIALS AND METHODS
Serum samples from anemic pig-tailed macaques
Macaca nemestrina) were obtained from Dr. Jan Mc-
lure (Bristol-Myers Squibb Pharmaceutical Research
nstitute, Seattle, WA). The macaque monkeys were in-
olved in a study of SHIV-2, and suspicions were raised
hen animals receiving one source of virus reproducibly
eveloped profound anemia in addition to becoming
mmunosuppressed. Due to the similarity to the reported
eatures of simian parvovirus (O’Sullivan et al., 1994),
arvovirus infection was suspected, and the samples
ere sent to NIH for confirmation.
Serum samples from anemic rhesus macaques were
btained from the Kansas University Medical Center.
ig-tailed and rhesus (M. mulatta) macaques were being
sed in studies of the characterization of the chimeric
irus KU-SHIV (Joag et al., 1997) when there was an
utbreak of anemia affecting both species. As above,
PV infection was suspected and samples were sent to
IH.
Dot-blot hybridization was performed directly on se-
um samples (10 ml) for SPV using full-length clones as
previously described (O’Sullivan et al., 1994, 1997). For
PCR, DNA was extracted from serum samples using
silica as previously described or using a commercial kit
(Qiamp blood kit, Qiagen Inc., Valencia, CA). PCR was
performed using primers from the capsid region and
confirmed by Southern blotting of the products with a
32P-end-labeled internal probe, as previously reported
O’Sullivan et al., 1994). PCR in the nonstructural region of
SPV was performed using primers SPV59 (nucleotides
759–1778 (Brown et al., 1995)) and SPV39 (nt 2064–2045)
nd probed with an internal 32P-end-labeled probe (nt
1848–1872). PCR products were cloned into a TA-cloning
vector (pCR2.1, Invitrogen, Carlsbad, CA) and sequenced
by PCR cycle sequencing (Applied Biosystems, Foster
City, CA).
Additional PtPV sequence was obtained from a viremic
serum sample by primer walking with primers based on
SPV sequence. Four pairs of primers were designed and
amplification was performed as above. Amplicons of the
predicted correct size were TA-cloned and sequenced as
above.
Additional RhPV sequence was obtained by extracting
single-stranded viral DNA from a dot-blot-positive (vire-
mic) serum by silica and converted to dsDNA with ExTaq
polymerase (70°C incubation for 30 min) followed by
phenol precipitation. The hairpin loops were cleaved
with mung bean nuclease (30°C for 30 min), and the
modified DNA was reprecipitated. A sequencing adapter
(Marathon cDNA amplification kit, Clontech, Palo Alto,
CA) was ligated to the blunt ends and the intervening
DNA was obtained using a modification of the RACE
method. Specifically, PCR primers were designed from
the sequencing adapter and the known sequence and
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112 GREEN ET AL.subjected to 30 rounds of amplification using ExTaq
polymerase. The products were cloned and sequenced
as above. This was repeated to obtain the complete viral
sequence (excluding the complete hairpins).
All the sequences obtained, and the amino acid se-
quence of the open reading frames, were analyzed using
Lasergene software (DNAStar Inc., Madison, WI). Pair-
wise homology was determined by the Wilbur–Lipman
method, with a gap penalty of 4 and a deletion penalty of
12. Multiple sequence alignments were determined us-
ing the MEGALIGN program, using the Clustal method
with a gap penalty of 10 and a gap length of 10. Full-
length pairwise homology was determined by the GCG
gap program (http://molbio.info.nih.gov/molbio/gcglite/).
ACKNOWLEDGMENTS
We thank Drs. Jan McClure (Bristol-Myers Squibb Pharmaceutical
Research Institute, Seattle, WA) and Bill Narayan (Marion Merrell Dow
Laboratory of Viral Pathogenesis, University of Kansas Medical Center,
Kansas City) for sending us samples for analysis.
REFERENCES
Blundell, M. C., Beard, C., and Astell, C. R. (1987). In vitro identification
of a B19 parvovirus promoter. Virology 157, 534–538.
Brown, K. E., Green, S. W., O’Sullivan, M. G., and Young, N. S. (1995).
Cloning and sequencing of the simian parvovirus genome. Virology
210, 314–322.
Cotmore, S. F., and Tattersall, P. (1984). Characterization and molecular
cloning of a human parvovirus genome. Science 226, 1161–1165.
Joag, S. V., Li, L., Foresman, L., Pinson, D. M., Raghavan, R., Zhuge, W.,
Adany, I., Wang, C., Jia, F., Sheffer, D., Ranchalis, J., Watson, A., and
Narayan, O. (1997). Characterization of the pathogenic KU-SHIV
model of acquired immunodeficiency syndrome in macaques. AIDS
Res. Hum. Retroviruses 13, 635–645.ehrman, S. (1995). AIDS patient given baboon bone marrow. Nature
378, 756–756.
acKenzie, M., Lowenstein, L., Lalchandani, R., Lerche, N., Osborn, K.,
Spinner, A., Blevis, M., Hendrickson, R., and Gardner, M. (1986).
Hematologic abnormalities in simian acquired immune deficiency
syndrome. Lab. Anim. Sci. 36, 14–19.
’Sullivan, M. G., Anderson, D. C., Fikes, J. D., Bain, F. T., Carlson, C. S.,
Green, S. W., Young, N. S., and Brown, K. E. (1994). Identification of a
novel simian parvovirus in cynomolgus monkeys with severe ane-
mia: A paradigm of human B19 parvovirus infection. J. Clin. Invest. 93,
1571–1576.
’Sullivan, M. G., Anderson, D. K., Goodrich, J. A., Tulli, H., Green, S. W.,
Young, N. S., and Brown, K. E. (1997). Experimental infection of
cynomolgus monkeys with simian parvovirus. J. Virol. 71, 4517–4521.
’Sullivan, M. G., Anderson, D. K., Lund, J. E., Brown, W. P., Green, S. W.,
Young, N. S., and Brown, K. E. (1996). Clinical and epidemiological
features of simian parvovirus infection in cynomolgus macaques
with severe anemia. Lab. Anim. Sci. 46, 291–297.
’Sullivan, M. G., Veille, J. C., Block, W. A., Turner, A. R., Young, N. S., and
Brown, K. E. (1998). Hydrops fetalis induced by simian parvovirus. 17th
Annual Meeting, American Society for Virology, W22–9, 99. [Abstract]
zawa, K., Ayub, J., Hao, Y. S., Kurtzman, G., Shimada, T., and Young, N.
(1987). Novel transcription map for the B19 (human) pathogenic
parvovirus. J. Virol. 61, 2395–2406.
okal, E. M., Melchior, M., Cornu, C., Vandenbroucke, A. T., Buts, J. P.,
Cohen, B. J., and Burtonboy, G. (1998). Acute parvovirus B19 infection
associated with fulminant hepatitis of favourable prognosis in young
children. Lancet 352, 1739–1741.
Takahashi, Y., Murai, C., Shibata, S., Munakata, Y., Ishii, T., Ishii, K.,
Saitoh, T., Sawai, T., Sugamura, K., and Sasaki, T. (1998). Human
parvovirus B19 as a causative agent for rheumatoid arthritis. Proc.
Natl. Acad. Sci. USA 95, 8227–8232.
Watanabe, M., Ringler, D. J., Nakamura, M., DeLong, P. A., and Letvin,
N. L. (1990). Simian immunodeficiency virus inhibits bone marrow
hematopoietic progenitor cell growth. J. Virol. 64, 656–663.
Yoo, B. C., Lee, D. H., Park, S. M., Park, J. W., Kim, C. Y., Lee, H. S., Seo,
J. S., Park, K. J., and Ryu, W. S. (1999). A novel parvovirus isolated from
Manchurian chipmunks. Virology 253, 250–258.
